ABST RACT DNA synthesis and cell division were measured in serum-free cultures of human normal diploid glial cells maintained in MCDB 105 medium. In growth factor-free cultures the cells remained viable but the cell number was essentially constant. Supplementation with 10 ng of epidermal growth factor or platelet-derived growth factor per ml significantly stimulated DNA synthesis and cell multiplication. Growth occurred both when cells were allowed to settle in serum-containing medium and when cells were plated in serum-free medium. In the latter type of cultures, the cell yield was improved by incubating the cels in collagen-coated dishes. The use of a miniclone technique allowed the analysis of cell multiplication induced by platelet-derived growth factor at the clonal level and demonstrated that the growth factor induced several cell cycle rounds in a large fraction of clones. The results show that normal cells grown in a recently developed synthetic medium (MCDB 105) supplemented with pure growth factors may multiply without the addition of plasma-derived factors ("progression factors"). It is suggested that the need for progression factors may simply depend on the composition of the synthetic nutrient medium.
ABST RACT DNA synthesis and cell division were measured in serum-free cultures of human normal diploid glial cells maintained in MCDB 105 medium. In growth factor-free cultures the cells remained viable but the cell number was essentially constant. Supplementation with 10 ng of epidermal growth factor or platelet-derived growth factor per ml significantly stimulated DNA synthesis and cell multiplication. Growth occurred both when cells were allowed to settle in serum-containing medium and when cells were plated in serum-free medium. In the latter type of cultures, the cell yield was improved by incubating the cels in collagen-coated dishes. The use of a miniclone technique allowed the analysis of cell multiplication induced by platelet-derived growth factor at the clonal level and demonstrated that the growth factor induced several cell cycle rounds in a large fraction of clones. The results show that normal cells grown in a recently developed synthetic medium (MCDB 105) supplemented with pure growth factors may multiply without the addition of plasma-derived factors ("progression factors"). It is suggested that the need for progression factors may simply depend on the composition of the synthetic nutrient medium.
Recent studies have shown that the multiplication-stimulating activity of crude serum can be replaced by a number of hormonal growth factors, such as epidermal growth factor (EGF) (1, 2) and platelet-derived growth factor (PDGF) (3) (4) (5) (6) . Both of these are pure polypeptides that stimulate cell multiplication at nanomolar concentrations. In normal cell systems, however, these factors are not active alone but require the addition of cofactors, such as plasma-derived serum (4, 7) , low concentration of whole serum (2) , or serum albumin (5, 8) . These undefined components may be necessary for cell spreading, the maintenance of cell viability, and cell cycle traverse (9). Ham and collaborators (10) have developed a number of cell culture media, the MCDB series, that are designed to sustain survival and clonal growth of various cell types at low serum concentration. These media are derived from the nutrient medium F-12 and differ from this medium in that they contain trace metals and the concentrations of all components are critically optimized for each specific cell type. The present study shows that EGF and PDGF induce cell division in serum-free cultures of normal diploid human glial cells grown in MCDB 105, a medium originally designed for human fibroblasts (11, 12) .
MATERIALS AND METHODS
Cell Culture. The human diploid glia-like cell line U-787 CG was generated from a brain biopsy and maintained in culture as described (13, 14) . For experiments, cultures of low passage numbers (i.e., 10-15) were selected. The cells were routinely grown in Eagle's minimal essential medium containing 10%
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(vol/vol) fetal bovine serum (GIBCO). For serum-free culture, medium MCDB 105 was prepared as described (11, 12 (15) .
Preparation of Culture Dishes for Miniclone Analysis. The method for preparing palladium surfaces for analysis of multiple miniclones has been described (16, 17 25 ,000 cells per ml. The cell suspension was transferred in 2-ml portions to 35-mm culture dishes which were incubated overnight. On the following day, the cultures were washed once with serum-free MCDB 105 medium and fed with the medium overnight. The medium was then changed to fresh MCDB 105. Duplicate dishes received no additive, 10 ng of EGF per ml, 10 ng of PDGF per ml, or 1% human serum.
[3H]Thymidine (final concentration 0.1 MCi/ml, 2 Ci/mmol; 1 Ci = 3.7 X 1010 becquerels) (Radiochemical Centre, Amersham, England) was added after 18 hr of further incubation. After 24 hr of exposure to the radioactive isotope, the cultures were washed twice in phosphate-buffered saline, fixed in methanol/acetic acid, 3:1 (vol/vol), and processed for autoradiography (14) . The percentage of labeled nuclei was determined on 500 nuclei per autoradiogram.
Procedure II. The number of cells in mass cultures, seeded in serum-containing medium, was determined. Replicate dishes were initiated according to procedure I. After incubation overnight in serum-containing medium, the cultures were washed once in serum-free MCDB 105 medium and fed with 2 ml of the medium with or without EGF or PDGF, both factors added at 10 ng/ml final concentration. Growth factor-free controls received no additive whereas serum-containing controls were given 2 ml of F-10 medium with 10% fetal bovine serum. The cultures were incubated and the medium was renewed three times a week. Cell numbers were determined at intervals on duplicates, and growth curves were constructed from the mean values.
Procedure III. The number of cells in mass cultures, seeded in serum-free medium, was determined. Stationary cells grown in Eagle's medium with 10% fetal bovine serum were treated with 50 jig of trypsin per ml in phosphate-buffered saline, 200
,uI per 50-mm culture dish. After incubation at 370C for 20 min, 20 ,ug of soybean trypsin inhibitor (Sigma) was added and the cells were gently suspended in MCDB 105 medium with a plastic pipet. The cells were pelleted in a plastic centrifuge tube (5 min at 300 X g), resuspended in MCDB 105 medium, and repelleted. The cell number was determined after the cells were resuspended in MCDB 105 medium, and 50,000 cells were seeded in plain and collagen-coated dishes in MCDB 105 medium with or without 10 ng of PDGF per ml. The cultures were incubated, and the medium was renewed three times a week. Cell numbers were determined at intervals on duplicates, and growth curves were constructed from the mean values.
Procedure IV. Miniclone analysis of cells seeded in serumfree medium was done. Stationary cells were trypsinized and washed according to procedure III. After the cell number was adjusted, 20,000 cells were seeded in four miniclone dishes in 2 ml of serum-free MCDB 105 medium. After 1 day of incubation (day 0), the cell number on individual palladium islands was determined with a Leitz Diavert inverted phase-contrast microscope. About 100 palladium islands containing single cells were identified on each dish. PDGF (10 ng/ml final concentration) was added to two dishes and the cultures were further incubated. Medium was changed three times a week. Cell numbers were again scored on days 2 and 5. On day 9, the cultures were fixed in methanol and stained in Giemsa (1:20) and the final cell numbers were determined on stained cultures.
Cell Counting. Trypsinized cells were counted in an electronic cell counter (Celloscope). Table 1 shows the [3H]thymidine incorporation data from an experiment in which glial cells were seeded in serum-containing medium, incubated in serum-free MCDB 105 medium, and (Fig. 1) .
RESULTS
Photomicrographs of the respective cultures on day 7 are shown in Fig. 2 In the experiments described above, cells were seeded in serum-containing medium and the cultures may therefore have contained small amounts of serum factors adsorbed to the cell surface or to the substratum not removed by washing. The culture conditions were kept more rigorous in the next experiment, in which stationary glial cells were trypsinized at low trypsin concentration and replated in serum-free MCDB 105 medium containing soybean trypsin inhibitor (procedure III). Even under these strictly serum-free conditions, there was significant growth in the PDGF-supplemented group, with one population doubling attained after 7 days (Fig. 3) . The increase in cell number was, however, smaller than that obtained with cells initially plated in serum-containing medium (Fig. 1) , and in the control group there was some loss of cells. Incubation in collagen-coated dishes improved the yield. Higher cell density was obtained in the PDGF-suppleented group and fewer cells died in the growth factor-free cultures (Fig. 3) . Photomicrographs of the respective cultures on day 7 are shown in Fig. 4 . Again, cells maintained in serum-free MCDB 105 medium had a number of cytoplasmic branches, this feature being most pronounced in the PDGF-supplemented cultures. However, the control cells, i.e., cells maintained without growth factors (Fig. 4 A and C), were also branched and thus appeared less well spread than the corresponding cells initially plated in serum-containing medium ( Fig. 2A) . This finding is not surprising because serum contains spreading factors (9) that may remain adsorbed to the cells and the substratum after serum removal.
The PDGF-induced cell multiplication was also analyzed at the clonal level by a minicloning technique applied to strictly serum-free cultures. Cells were incubated in miniclone dishes in MCDB 105 medium with or without PDGF (procedure IV). Clonal growth was followed by microscopic analysis of the cell number on individual palladium islands, counting only islands inhabited by single cells on day 0. Fig. 5 shows the changes in cell number. In the growth factor-free control cultures, there was some growth between days 0 and 2, as shown by the occurrence of two-cell clones and a small percentage (1%) of three-cell clones. After day 2, however, there was absolutely no further increase in cell number on any of the scored monoclonal islands. The increase in the percentage of empty islands (20% on day 9) reflects cell death. In the PDGF-treated cultures there was considerable cell multiplication reflected by an increase in clonal sizes. On day 9, 77% of the clones had divided at least once and 52% had gone through two or more doublings. A small fraction (5%) went through three or more clone douCell Biology: Heldin et al. blings. Control counts on initially empty islands in both groups showed that cells did not move from one island to another; in no instance did cells show up on previously empty islands.
In the PDGF-treated cultures there was an increase in mean clone size from 1.0 to 3.4, whereas the clonal size in the control dishes remained essentially stationary (Fig. 6) . DISCUSSION PDGF is a cationic protein, Mr about 30,000, purified from human platelet extracts (refs. [18] [19] [20] and unpublished data). PDGF is a potent growth factor for several mainly connective tissue-derived cells in culture (reviewed in refs. 21 (7, 24) . Somatomedin C, when added along with plasma from hypophysectomized rats, acts as a progression factor (25 . 
. a n d _ h % , o . plasma factors. Cell multiplication occurred even in strictly serum-free cultures (i.e., when the presence of contaminating residual serum factors was minimized by plating the cells in serum-free medium). Therefore, the dependency on plasmaderived progression factors is apparently not a general feature of PDGF-responding cells. In the experiments on 3T3 cells cited above, the proliferative response was measured on cells grown in a relatively simple medium (Dulbecco's modified Eagle's medium), whereas the recently developed, more elaborate MCDB 105 medium was used in the present investigation. We suggest that the need for plasma-derived factors may be artifactual and due to the use of a deficient synthetic medium. The plasma-dependent progression process has been shown to be dependent on low molecular weight components (26) , whereas the PDGF-induced commitment is not. It is possible that the progression factors, including somatomedin C, simply stimulate the uptake of nutrients required for the completion of the cell cycle and that this requirement can be abolished by using a well-balanced synthetic medium such as the MCDB 105 medium.
The recently described miniclone technique (16, 17) allowed the analysis of PDGF-induced cell multiplication at the clonal level and unequivocally demonstrated that PDGF alone may induce several cell cycle rounds in strictly serum-free MCDB 105 medium. In a small fraction of cells, even three or more clone doublings were obtained. A considerable heterogeneity in clonal growth response was observed, as expected from the previously described variation in clonal growth capacity of cells grown in serum-containing medium (16) . Fourteen percent of the cells in the PDGF-treated cultures remained single. This fraction of arrested cells includes the percentage of "true" nondividers (i.e., the progressively accumulating population of irreversibly growth-arrested cells), typical of mortal cell lines (27) . At the passage level used in the present investigation, cell line U-787 CG contains about 7% nondividers (16) .
PDGF or EGF does not stimulate DNA synthesis in glial cells maintained in serum-free F-10 medium unless supplemented with human serum albumin (5, 8, 28) ; in the present study, the cells started to die after 3 days in F-10 medium with EGF or PDGF even when plated in serum-containing medium. The commercially available preparations of human serum albumin are not chemically defined, but contain contaminants, both free and bound to the albumin molecule, such as hormones, drugs, metal ions, and fatty acids. The present finding that the requirement for human serum albumin can be entirely abolished by replacing the F-10 medium with MCDB 105 medium is thus a major progress in our attempts to define culture conditions for the study of cell-growth factor interactions in cultures of normal cells.
Recent studies by Bottenstein et al. (29) have shown that a number of continuous cell lines can be maintained in serum-free media supplemented with individually designed hormone cocktails. The present study demonstrates that normal diploid human cells in short-term culture may also multiply under defined conditions.
